Background/Purpose: Prenatal tracheal occlusion currently is being assessed as a treatment modality for congenital diaphragmatic hernia (CDH). The development of a totally percutaneous fetoscopic access system would help avoid the need for maternal laparotomy and reduce the morbidity rate of fetal surgical procedures for the mother. Laparoscopic radial expansion sheaths and Seldinger technique-based vascular catheters both have been advocated as means of achieving amniotic cavity access. The authors have investigated these 2 systems in an attempt to develop a reliable method for achieving safe percutaneous fetoscopic access and present the first successful attempt to deploy an intratracheal balloon using an entirely percutaneous approach through a single port in an ovine model.
Background/Purpose: Prenatal tracheal occlusion currently is being assessed as a treatment modality for congenital diaphragmatic hernia (CDH). The development of a totally percutaneous fetoscopic access system would help avoid the need for maternal laparotomy and reduce the morbidity rate of fetal surgical procedures for the mother. Laparoscopic radial expansion sheaths and Seldinger technique-based vascular catheters both have been advocated as means of achieving amniotic cavity access. The authors have investigated these 2 systems in an attempt to develop a reliable method for achieving safe percutaneous fetoscopic access and present the first successful attempt to deploy an intratracheal balloon using an entirely percutaneous approach through a single port in an ovine model.
Methods:
A number of prototype systems were evaluated sequentially over a 3-year period in an ovine model: (1) the radially expanding InnerDyne step port system, (2) a new rigid cannula with a bulbous/sharp end preloaded onto the radially expanding InnerDyne port, (3) a conical removable addition to the rigid cannula in 2, (4) a modified bulbous/ sharp ended cannula incorporating a circumferential protective insert, (5) a rigid split sheath with the radially expanding port placed through the lumen of the split sheath, (6) a flexible introducer and dilator with the split sheath (used in the Seldinger placement of central lines), and (7) a 2-needle approach using a superelastic shape-memory alloy NickelTitanium wire with the flexible dilator and sheath, incorporating a side perfusion port. For balloon tracheal occlusion, live anaesthetized time-mated pregnant ewes were used at 110 days' gestation. Tracheobronchoscopy was achieved using a 3-mm 0°telescope, and the cutaneotracheal tract was secured by a 3.3-mm sheath incorporating a side-perfusion port. The rigid telescope was replaced by a flexible choledochoscope preloaded with a silicone balloon. The balloon was deployed 2 cm above the carina proximal to the right upper lobe bronchus.
Results:
The many problems encountered in the evolution of the preferred system related mainly to separation and tenting of the chorioamniotic membranes in the ovine uterus and inconsistent access to the fetal parts of interest. Each resulted in significant modifications to our approach. Furthermore, the use of rigid access devices commonly caused fetal injury. Successful access to the intrauterine cavity and cannulation of the trachea was achieved consistently with minimal trauma, irrespective of fetal position by method 7. Multiple port placement allowed visualization of the entry of all components of the system confirming minimal chorioamniotic membrane separation and tenting. Single port tracheal occlusion was undertaken first on 6 cadavers before being performed successfully on 3 live anaesthetized ewes. Fetoscopic access and cannulation of the trachea was achieved consistently in all live animals irrespective of fetal position.
Conclusions:
This modified Seldinger technique using the unique properties of the memory-shaped alloy wire for initial uterine access offers a safe method for the percutaneous placement of fetoscopic ports in the ovine model for prenatal intervention. Successful placement of a tracheal balloon entirely through a single percutaneously placed port represents a further advance in prenatal therapy for CDH.
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E
NDOSCOPIC surgical technology has developed to such a degree that it now offers the opportunity to develop techniques that may be adapted for prenatal fetal intervention. 1 To date, fetal endoscopy has been achieved, both in animal models and in humans, by laparotomy with transmyometrial port placement, 2 which is associated with significant maternal morbidity. The use of a percutaneous fetoscopic access system with associated decreased maternal morbidity, minimal uterine instrumentation, small chorioamniotic membrane defects, and decreased nontraumatic fetal distress, may enable a reduction in the incidence of premature labour.
Radially expanding laparoscopic ports have been developed to allow for flexibility of port size and a reduced incidence of trochar site injury. 3 Similarly, placement of large intravascular catheters using the Seldinger technique also is associated with minimal tract trauma. The ovine model has been used widely as a system for developing fetal interventions. 4, 5 However, the anatomy of the chorioamniotic membranes in the ewe, which are not closely adherent to the uterine wall, 6 present a significant challenge to percutaneous puncture and port passage. We have investigated 7 access systems in the ovine model and examined the feasibility of deploying an intratracheal balloon using an entirely percutaneous approach through a single port as a potential method for prenatal therapy of CDH.
MATERIALS AND METHODS
The Animal Ethics Committee of the University of Glasgow Veterinary School oversaw all animal work. The United Kingdom Home Office approved all procedures under the terms of the current UK animal legislation.
Port development was undertaken on cadaveric ewes and live anaesthetized time-mated pregnant Texel Cross ewes at 110 days' gestation. Anaesthetised ewes were premedicated with 0.2 mg/kg diazepam (Diazepam Injection BP; Phoenix Pharma, Gloucester, UK). Anaesthesia was induced intravenously with 9 mg/kg Saffan (Saffan; ScheringPlough Animal Health, Welwyn Garden City, UK) and maintained with 70% nitrous oxide, 27.5% oxygen, 2.5% isoflurane for the duration of the procedure.
Fetal position was mapped by detailed ultrasound scan (Corevision; Toshiba Medical Systems, Crawley, UK). Multiple port placement was performed for all prototypes. The first port was placed under ultrasound guidance; all subsequent ports were placed under direct vision to allow assessment of the individual system components. In all systems developed after method 1, the initial placement of a flexible guide wire (through an amnio needle) into the amniotic cavity under ultrasound guidance, was used to guide the placement of the various ports.
The InnerDyne
Step access system designed for laparoscopic access (Autosuture; US Surgical, Norwalk, CT) was evaluated initially (method 1). This system comprises a radially expandable braided tubular sheath with a splittable cover, which protects the tubular braid during initial insertion. Within the sheath, a needle with a removable obturator can be placed to allow skin and uterine penetration. After the sheath has been advanced to its desired location, the needle is withdrawn. A rigid expansion port with obturator is introduced, thus expanding the braid sheath and splitting the protective covering. The obturator then can be removed leaving the fixed rigid port within the radially expanded sheath. Instruments then may be passed down through the valved expansion port.
The Veress needle used in this system for cutaneo-amniotic access did not provide a smooth transition to the sheath in this model. As a consequence, a rigid introducer was developed with a sharp bulbous end equal in diameter to the sheath, providing a ridge-free transition to the sheath (Fig 1; method 2) . Unfortunately, removal of this introducer back through the expandable sheath caused splitting and fraying of the sheath distally and intussusception of the proximal end into the sheath handle. Addition of a mobile conical insert, which could be placed over the introducer into the sheath handle, resolved the sheath intussusception but did not alter the distal fraying (method 3). A slight improvement was achieved by the creation of a circumferential insert that could be passed down the radial expanding sheath, engaging the introducer and providing a tapered surface for the introducer to pull back through the distal sheath tip (Fig 2; method 4) .
A rigid metallic port of equal diameter to the radial expanding port and solid introducer was investigated (method 5). The radially expanding port and handle were placed down the rigid lumen, which then was split along its axial length leaving the flexible sheath in place. This method overcame sheath fraying but negated any benefits of a flexible introduction system. This disadvantage was overcome by incorporating a peel-apart catheter introducer (Peel-apart Desilet; VYGON, Ecouen, France), which was placed percutaneously using the Seldinger technique (method 6). The radially expanding sheath then was place down the centre of the peel-apart sheath. The peel-apart catheter was split and removed as the expansion port with obturator was inserted. The potential for the peel-apart catheter introducer to act as a port was examined; however, there was continued amniotic fluid loss proximally because the introducer did not possess a valve.
The 10F Check-Flo Performer Introducer Set (Cook Incorporated, Bloomington, IN) incorporated a valve mechanism proximally allowing easy placement of instruments and a side channel, which could be used for irrigation (method 7). A 18FG spinal needle, preloaded with a superelastic shape-memory membrane tenting wire was inserted into the amniotic cavity next to the fetal head under ultrasound guidance. The shape-memory alloy wire was deployed and the needle withdrawn. The expanded wire was retracted gently, opposing the chorioamniotic membranes to the uterine wall (Fig 3) . This stabilized an area of approximately 2 cm 2 of amniotic membranes and allowed ultrasoundguided placement of a second spinal needle, through which a curved safe T-J double flexible wire guide (Cook Incorporated) was advanced into the amniotic cavity. The second needle was withdrawn and the cutaneoamniotic tract dilated with a 10F Check-Flo Performer Introducer Set.
This system was used to achieve tracheal occlusion as, on removal of the dilator, a rigid 3-mm 0°laparoscope (Olympus Medical Systems, Keymed, Southend-on-Sea, England) was advanced into the fetal mouth and then into the trachea. The cutaneo-tracheal tract was secured by sliding the previously inserted 10F port sheath until its rim was just visible past the telescope. The laparoscope then was replaced by a flexible choledochoscope (Olympus Medical Systems) incorporating an operating channel preloaded with a silicone balloon (Applied Medical Resources Corp, Medlink Europe, The Netherlands). The balloon was inflated 2 cm above the carina proximal to the right upper lobe bronchus. The instrument and port finally were withdrawn, the animals killed, and the cutaneo-tracheal tract assessed.
RESULTS
The 7 prototype systems were evaluated on 22 ewes with a total of 47 ports inserted. The first 6 systems all were based on the radial expanding sheath, and subsequent stepwise modifications were designed to minimize membrane separation and tenting. The radially expanding sheath was limited to 15 cm in length, hence, with marked membrane tenting, the port was not of sufficient length to breach the membranes and enter the amniotic cavity. The alterations made to the introducer were partially successful in minimising the ridge between the radial expanding sheath and the cutting trochar, thereby reducing the possibility of membranes catching, and also reducing damage to the distal end of the sheath on removal. However, reliable percutaneous access could not be achieved with the use of the InnerDyne system, with occasional loss of amniotic cavity access owing to the port losing its anchored position. Furthermore, injury to some fetuses was noted, caused by the rigid introducer.
The use of the rigid split port did not overcome the problem of membrane tenting, but the rigid port was of sufficient length that the membranes could be allowed to tent until they were penetrated and slid up the side of the port. The port then was split and removed lengthwise. The necessity for an axial split was because of the radial expanding sheath handle onto which the valved rigid expansion port connects. The rigid obturator required by this system was associated with a high incidence of fetal injury owing to the depth and force required for placement.
The Seldinger approach utilised by the peel-apart catheter introducer required intra-amniotic placement of a needle and guide wire under real-time ultrasonography. This was associated with minimal tenting of the membrane, however, although finely tapered to the guide wire, the dilator with overlying sheath could, on occasion cause membrane tenting and failure of amniotic access of the sheath. There was no evidence of fetal trauma, because both the guide wire and dilator tips were flexible. The necessity for introduction of the InnerDyne port down the lumen of the split sheath was because of the lack of a valve on the split sheath, which was designed originally for removal after catheter placement.
The problem of membrane tenting was resolved with the development of a superelastic shape memory membrane tenting wire. This wire was deployed under ultrasound guidance through an amnio needle. The end of the wire assumed a preshape ( figure of 8) , which, when the wire was pulled back gently, held the uterine membranes against the uterine wall. This stabilised an area of 2 cm 2 of amniotic membranes, through which placement of a 10F Check-Flo Performer Introducer Set was achieved (Fig 3) . This system also overcame the problems of amniotic leakage because it incorporated a valve proximally. Furthermore, irrigation was feasible because of the presence of a side port. Percutaneous amniotic access, cannulation of the trachea, and intraluminal obstruction was achieved consistently in 6 cadaveric and 3 live anaesthetized ewes irrespective of fetal position (Figs 4 and 5) . There was minimal leak around the catheter site, no trochar dislodgement, no extension tears or separation of chorioamniotic membranes at the points of entry, and no visible maternal or fetal trauma in any of the live experimental animals.
DISCUSSION
Minimally invasive systems rely on obtaining percutaneous access to an internal surgical site using smalldiameter trochars. The design of suitable trochars must fulfill many requirements, particularly those for fetoscopic access in a liquid-filled environment. All trochars should be able to be introduced with minimal trauma and risk of injury. The trochars used in fetoscopic access should be readily sealable to inhibit amniotic fluid leakage, and, in particular, should be designed to minimise leakage in the region surrounding the passage of the trochar through the chorioamniotic membranes and uterine wall. The expanded braid of the Innerdyne system provided both an anchoring and sealing function. The tubular braid shortens as it is expanded radially, causing the braid to tighten or clamp on the tissue with which it is in contact. Such tightening of the braid, when combined with the radial expansion, prevents separation of the tissue layers, providing excellent anchoring within the percutaneous penetration and enhances the peripheral seal within the uterine wall. A further advantage of the braided sheath was that it remained in place as the expansion port was withdrawn and replaced. Further anchoring may have been feasible either by including a Malecotlike structure or balloon at the distal end of the expansion port, which would ensure that the distal end of the port remained within the amniotic cavity after deployment. 7 An external clamp at the proximal end of the expansion port so that the abdominal and uterine wall disposed between the anchors may be captured would further enhance the anchoring potential of the port.
The plurality afforded by the radially expanding braid for different diameter expansion ports was not required. Although capable of expanding from less than 3 mm up to 5 or 15 mm, minimisation of risk of preterm premature rupture of membranes dictates that the access hole be of a minimum diameter and all instruments be miniaturised appropriately. 8 Therefore, although the radially expanding dilator system is advantageous in that it reduces the initial trauma and facilitates subsequent exchange of different-sized cannulae with radial collapse of the conformable sheath, we do not envisage that this will be required for most fetal surgical applications that use instruments less than 3 mm in diameter. Future applications may be hindered by rigidity of the expansion port access lumen, which cannot accommodate instruments and articles with irregular shapes. The use of the percutaneous radially expanding sheath as the port would overcome this disadvantage and allow novel instruments to reach the amniotic cavity.
The similarities of the principles required for access to vasculature and amniotic cavity access are striking. The Seldinger technique requires initial access with a needle, passage of a guide wire, and then radial dilation of the tract to accommodate a larger introducer sheath. It is not clear, however, whether the probability of prelabour premature rupture of membranes (PPROM) associated with this Seldinger method of access would be the risk owing to size of the needle trochar primary defect, ie, 2%, 8 or the risk attributable to the final port size, which has been noted to be as high as 20%. 9 We did not continue these animals to term because our primary objective was to show the feasibility of percutaneous tracheal occlusion at 0.75 gestation, a time-point that would correspond to 30 weeks in humans. We, therefore, were unable to determine the risk of PPROM attributable to the fetoscopic port. To date, the closure of fetoscopic sites has remained elusive, although recent studies have shown that a combination of liquid polyethylene glycol and microfibrillar collagen may enable efficient sealing of membrane defects as assessed both in vitro and in vivo. 10 The implementation of the superelastic shape memory alloy was required because of the unique anatomy of the ovine uterus with its loosely adherent chorioamniotic membranes. Although these could have been applied to the original radial expanding system, they would not have prevented the other complications of fetal injury and trochar dislodgement, which would require flexible introducers and longer sheaths-inherent properties of vascular catheters.
To date, both the radially expanding sheath system 2 and the Check-Flo Performer Introducer Set have been used successfully for uterine access in humans. A single 5-mm transmyometrial radially expanding sheath port was placed postlaparotomy to facilitate endoluminal tracheal occlusion; however, both cases were complicated by PPROM, which may be related to port size and possible chorioamniotic membrane separation. We have used a percutaneously placed Check-Flo system without the necessity for the superelastic shape memory alloys to allow cord occlusion for isolated fetal anomaly in twins with no incidence of PPROM.
Fetal tracheal occlusion induces lung growth in experimentally [12] [13] [14] [15] and clinically induced pulmonary hypoplasia. 2, 11 A variety of techniques have been used to temporarily and reversibly occlude the trachea, including initially external clips. 16 Subsequent research has focused on intraluminal occlusion devices: sponges, 17 umbrellas, 18 and detachable balloons, 19, 20 and the delivery of these devices by minimally invasive techniques. To date, all these procedures have required maternal laparotomy. The percutaneous method described appears to provide reliable fetoscopic access in the ovine model. The amniotic cavity is first accessed by a fine needle to allow placement of a memory-shape alloy wire, which minimizes membrane tenting and separation, subsequent to the insertion of a fetoscopic port. However, discrepancies in anatomy make the technical approach to fetoscopy simpler in humans, and we have shown clinically that reliable percutaneous access with minimal membrane separation in patients can be achieved using the described port and Seldinger technique alone.
Minimally traumatic percutaneous access now is achievable both in the ovine model and in humans; future research should concentrate on the postprocedure closure of chorioamniotic membranes to further reduce the risk of fetoscopic procedures.
